This paper assesses the anaerobic digestion (AD) of the source-sorted organic fraction of municipal solid waste (SS-OFMSW). For this purpose, an experimental programme was implemented involving the operation and monitoring of two bench-scale anaerobic digesters, continuously fed with SS-OFMSW. The mathematical model (ADM1) was then applied to simulate the process of AD of SS-OFMSW. While start-up of the digesters was relatively slow, re-inoculation with cattle manure with effluent dilution reduced the acclimation period and achieved better stability, accommodating a feeding rate at an OLR ¼ 2.39 kg TVS m À3 day À1 . The high recorded methane gas production rate, reaching (0.1-2.5 m 3 CH 4 /m 3 reactor day), confirms the excellent biodegradability of the type of waste used (SS-OFMSW) and its suitability for AD. Satisfactory simulations of soluble chemical oxygen demand (COD), pH, and methane composition of biogas were obtained, whereas volatile fatty acid (VFA) concentrations in both reactors were over-predicted albeit capturing its general trend.
INTRODUCTION
In recent years, there has been an increased interest in applying the anaerobic digestion (AD) process for the treatment of the organic fraction of municipal solid waste (OFMSW) to reduce landfill load, recover methane, and for using the digested biomass as soil conditioner or fertilizer. Yet, the conversion of complex organic matter, such as OFMSW, into methane and carbon dioxide involves a consortium of microorganisms carrying out a network of interrelated biochemical metabolic processes. Given this inherent complexity, the process is quite vulnerable to abrupt operating changes, which eventually may lead to a process failure. For this reason, mathematical modeling coupled with experimental data became an increasingly important approach towards a better understanding of the AD of complex organic compounds, reactor design, operation, and optimization. In this context, several models have been developed to characterize the AD process. Such models simulate the pathways of conversion, and range from simple to complex, with various degrees of complexity depending on biochemical as well as physicochemical processes considered. Furthermore, as most reactions taking place in the AD process are catalyzed by micro-organisms, the kinetics of the overall system are governed by the kinetics of the bacterial activity (Mata-Alvarez ). Therefore, modeling the AD process necessitates a clear quantification of microbial growth, substrate utilization, and product generation, in terms of stoichiometry and kinetics. In this study, the mathematical modeling of the AD process of the source-sorted organic fraction of municipal solid waste (SS-OFMSW) was examined. For this purpose, two bench-scale anaerobic digesters were set-up and operated using SS-OFMSW as substrate. The data were used for the application of the Anaerobic Digestion Model No. 1 (ADM1), a structured model developed by the International Water Association (IWA), Task Group for Mathematical Modeling of Anaerobic Digestion Processes. ADM1, which was originally developed for simulating the anaerobic digestion of wastewater, has been seldom applied for the digestion of municipal solid waste (Daels et al. ; Zhao et al. ) alone. Given that ADM1 was initially developed for sludge applications, special attention should be given to the specificities of the OFMSW. While sludge is mainly homogeneous with a high soluble content and high protein content, the OFMSW is heterogeneous with large particle sizes and high carbohydrates content. Accordingly, the disintegration constant, along with other sensitive parameters, were optimized to best represent the kinetics of mesophilic digesters treating OFMSW.
MATERIALS AND METHODS

Experimental setup
Two laboratory-scale bioreactors of the type 'BioFlo 110' from New Brunswick Scientific Co., Inc., with a working volume of 10.4 L each were used for the AD of SS-OFMSW. The airtight bioreactors are equipped with a heat blanket, a temperature probe, a pH probe, and an agitation impeller, which are automatically controlled via a primary control unit (PCU). Each reactor is equipped with several inlets/outlets and is connected to a customized 16.5-L water-displacement gasometer. A nitrogen gas (N 2 ) pressurized bottle was also fitted to the reactors. N 2 was used to extract effluent samples by means of differential pressure. It was also sparged into the system to drive oxygen (O 2 ) out after feeding.
Two types of inocula were used during the start-up phase. The initial inoculum consisted of sewage sludge obtained from a small wastewater treatment plant. Fresh and enriched cattle manure was added as inoculum to enhance start-up. The organic fraction of household wastes (SS-OFMSW) was used as substrate. The manually sorted biowaste was obtained from households and university canteens. It was moistened with distilled water to obtain a feed with a total solids (TS) concentration ranging between 15 and 25% and then homogenized with a blender to release cell compounds and create new surfaces where biodegradation occurs. The SS-OFMSW contained highly biodegradable organic matter (lignin content <2.4% w/w) with high dissolved carbon oxygen demand (COD) values (26-150 g/L), and is therefore suitable for anaerobic decomposition.
The two digesters were operated as continuously stirred reactors, heated to mesophilic temperature (35 W C) and controlled using a microprocessor. Operational and process indicators were monitored regularly to evaluate process performance and stability. Two interventions were implemented to speed-up the start-up process, namely dilution with water and re-inocculation with cattle manure, along with dilution. Both reactors were monitored for 200 days to assess the response of interventions. Details of the experimental program are described in Maroun & El-Fadel () .
Model set-up
A full set of experimental data was used for the calibration and application of ADM1, in a single stage continuously stirred tank reactor (CSTR), equivalent to the configuration of the experimental set-up. Details about model governing equations, parameters, and underlying assumptions are described in Batstone et al. () . The ADM1, like any other structured model, contains a large number of biochemical, physico-chemical and physical parameters. It is neither realistic nor necessary to determine every parameter experimentally, especially those of low influence on the model output. It is, however, mandatory to define a realistic set of parameters that would minimize the difference between measured and computed values (Batstone et al. ; Cesur ). Accordingly, parameters that are considered fixed for most AD applications, given their low variability and sensitivity, were adopted from the IWA STR#13 ( . Accordingly, an initial set of values was attributed to these parameters and an iterative procedure was applied to optimize these parameters, relying on manual adjustment, until a best fit between computed and experimental results was achieved. Table 1 lists the initial and estimated values of the most sensitive parameters. The simulated output was then statistically compared with the experimental data 
RESULTS AND DISCUSSION
The simulated experiment which involved re-inoculation with cattle manure and dilution, showed a general proliferation of the methanogenic population in both reactors. The values reported for most indicators throughout this experiment overlap with ranges reported in the literature for similar setups at steady-state conditions. The experiment was extended over 200 days with a maximum organic loading rate (OLR) of 2.39 and 3.71 kg TVS/m 3 day in Reactors 1 and 2, respectively (Figure 1) , with a mean chemical oxygen demand/total volatile solids (COD/TVS) ratio of 2.4. The OLR values reached in this study are comparable with those reported in the literature (Cecchi et al. ; Peres et al. ) . The total volatile fatty acids (VFA) concentrations oscillated with an overall decreasing trend (mean VFA ranged between 1.73 and 3.23 g/L as acetic acid in Reactors 1 and 2, respectively) corresponding to a proportionally increasing conversion of organic acids into methane (CH 4 ) and carbon dioxide (CO 2 ). As for ammonia nitrogen (NH 3 -N) levels, they were relatively high (mean NH 3 -N ranged between 1.22 and 1.62 g/L NH 3 -N in Reactors 1 and 2, respectively), with an increasing trend throughout the experimental run. While there is ambiguity as to the concentration at which ammonia becomes inhibitory, the reported high levels of NH 3 -N may have improved buffering in the reactors through the formation of ammonium carbonate (Mata-Alvarez ).The high methane gas production rate (0.1-2.5 m 3 CH 4 /m 3 reactor day) recorded throughout the experiment confirm the excellent biodegradability of the type of waste used (OFMSW) and its suitability for AD. Furthermore, CH 4 and CO 2 percentages in the biogas fluctuated within the normal ranges of 25-81 and 25-33% by volume, respectively. A description and analysis of experimental results can be found in Maroun & El-Fadel ().
The model was used to simulate the experiments described above (Reactors 1 and 2) . The output for pH, soluble COD, VFAs, and methane content in biogas were compared with measured data using the RMSE and the PEE as statistical tools to evaluate the magnitude of the difference between experimental and calculated values. Simulated results showed that pH values and trends as well as the evolution of soluble COD (SCOD) levels in both reactors were satisfactory (Figures 2 and 3 ). This is reflected by low RMSE and PEE for both pH (RMSE and PEE of 0.15 pH units and 1.45% for Reactor 1 and 0.18 pH units and 1.48% for Reactor 2) and soluble COD levels (RMSE and PEE of 761 mg/L and 13.7% for Reactor 1 and 1,455 mg/L and 16.6% for Reactor 2).
As for the pattern of methane gas generated, it was estimated with acceptable accuracy. While the overall concurrence between measured and calculated data was reflected by relatively low RMSE and PEE (RMSE ¼ 12 and 9.7% CH 4 and PEE ¼ 20.7 and 16.2%, for Reactors 1 and 2 respectively), the difference between individual concentration points and the simulated concentration line in Figure 4 characterizes low precision. This phenomenon can be attributed to the use of approximate/non-optimized values (retrieved from literature) for some parameters such as gas transfer coefficients. Instead, more accurate (optimized) coefficients that account for experimental specificities, e.g. digester geometry, mixing intensity and feeding pattern, could help in improving the precision of the gas-phase results (Blumensaat & The overall trends of VFA concentrations in Reactors 1 and 2 were generally captured ( Figure 5 ). Yet, the values of individual VFA concentrations were over-predicted, with RMSE reaching 1,221 and 1,555 mg/L, corresponding to a relatively high PEE of 47.1 and 35.6% for Reactors 1 and 2, respectively. This could be because VFAs were measured by distillation followed by titration. This method can cause significant losses of VFAs resulting in decreased recovery factors that can be as low as 53% in extreme cases (Siedlecka et al. ). Accordingly, the observed difference between modeled and experimental results is expected, irrespective of the source and type of COD content. Discrepancies between simulated and measured VFAs were reported in previous studies (Parker ; Boubaker & Ridha ; Chen et al. ). In fact, acidification is a complicated process that cannot be accurately estimated by the relatively simplified mathematical equations of ADM1 (Blumensaat & Keller ) . Typically, the rate of oxidation of individual acids (namely propionate, butyrate and valerate) and the rate of acetate conversion into methane are either over-or underestimated (Parker ; Page et al. ) . As a result, the predicted and measured values of total VFA are: (1) considerably different, if the errors add up (Parker ), or (2) fairly similar if the errors even out (Page et al. ) . These discrepancies are attributed to inaccurate prediction of microbial behaviors and responses, such as substrate consumption of aceticlastic methanogens (Parker ) and inhibition processes (Parker ; Kleerebezem & van Loosdrecht ; Lubken et al. ) , much of which is still unknown. However, accurate VFA estimation is important for adequate design of bioreactors and as-needed adjustment of the feeding schedule in order to avoid souring and interruption problems (Ferrer et al. ; Senturek et al. ) . Thus, for an AD model to be practically useful, it should be able to fairly predict VFA concentrations and capture the changing trend. In general, the predictive capacity of ADM1 is best improved by increasing the number of measured parameters with respect to assumed ones from the literature (Derbal et al. ) . As such, estimating the key parameters (Table 1) , although fundamental, seems insufficient to develop an ADM1 simulation of OFMSW. Further analysis is recommended in order to realistically define more parameters. For instance, experimental determination of hydrolysis constants for carbohydrates, k hyd_ch , proteins, k hyd_pr , and lipids, k hyd_ch may improve the overall prediction capability of the model (Lubken et al. ; Derbal et al. ) . This is most expected in simulating particulate substrates like solid wastes, where hydrolysis of complex components and accessibility of hydrolytic microorganisms to the waste material are the rate-limiting steps (Pavlostathis & Giraldo ) . Furthermore, hydrolysis constants are closely dependent on the particle size distribution of the substrate (Sanders et al. ) and are, therefore, specific of the type of waste and the homogenizing process prior to digestion. Based on the former, the use of case-specific hydrolysis rates, instead of literature derived values, might be beneficial. Yet, the extra computational work needed for further parameter optimization should be weighed against the expected added benefit, given the inherent assumptions and inaccuracies in the mathematical simulation of biological processes. In this regard, the model can benefit from some modifications such as an improved pH inhibition function (Lubken et al. ) . In fact, Parker () inferred that the pH inhibition function in ADM1 may overemphasize the impact of low pH on microbial activity, resulting in over prediction of VFA concentrations.
Limited representation of microbial diversity in ADM1 is another concern. In this context, Ramirez & Steyer () proposed a method to account for microbial diversity and proved that the latter can alter the model results. Finally, the 'complete mixing' assumption is never fulfilled in real applications. Thus, the real substrate-to-microorganisms mass transfer may differ from the assumed rate, which can lead to erroneous results. Other processes that are not covered in the ADM1 model, or omitted for simplification purposes, were detailed by Batstone et al. ().
CONCLUSIONS
Two laboratory-scale CSTRs, anaerobically digesting SS-OFMSW, were simulated, using the IWA ADM1 model, which was calibrated through the optimization of six key parameters, namely: disintegration constant, maximum uptake rate for acetate and propionate degraders and half saturation constants for acetate, propionate and hydrogen degraders. The overall prediction capacity of the model was satisfactory, with excellent estimation of pH and soluble COD. Also, the pattern of methane content in biogas was estimated with acceptable accuracy. This phenomenon may be attributed to the use of approximate/non-optimized values for important gas parameters such as gas transfer coefficients. General trends of VFAs were captured but concentration values were slightly over-estimated, which may be attributed to inaccurate prediction of microbial behaviors and responses, such as substrate consumption of aceticlastic methanogens and some inhibition processes, much of which is still unknown. Yet, the general agreement between experimental and simulated results ascertains the applicability of ADM1 as a promising tool for modeling AD of OFMSW. Similar to other models, the predictive capacity of ADM1 is limited by the inherent assumptions and simplifications and the incomplete knowledge of complex biological processes taking place in anaerobic digesters. In closure, while a good fit between simulated and experimental results/patterns was obtained, the optimized parameters set requires further validation with data from dynamic experiments.
SIGNIFICANCE
This study is significant in that it is one of the few applications of ADM1 to anaerobic digesters using municipal solid waste as the only substrate (Daels et al. ; Zhao et al. ) . Thus, the work presented is not widespread and adds to the body of literature in terms of experimental measurements and parameter estimation; in particular the experiments are outside the normal scope for the ADM1, specifically for VFA concentrations.
